؉ efflux with cell volume loss the mechanism that accounts for the increase in cytoand apoptotic-like death. Moreover, Zn 2؉ chelators, plasmic Zn 2ϩ is not precisely known, although models ROS scavengers, Bcl-x L , dominant-interfering p38, or have been proposed. One view states that Zn 2ϩ tra-K ؉ channel blockers all attenuate NO-induced K ؉ efverses the extracellular space, for example from presynflux, cell volume loss, and neuronal apoptosis. Thus, aptic stores (Sensi et al., 1999; Suh et al., 2000) . Howthese data establish a new form of crosstalk between ever, mice that lack presynaptic Zn 2ϩ stores still exhibit NO and Zn 2؉ apoptotic signal transduction pathways elevated intracellular Zn 2ϩ levels after sustained seizures that may contribute to neurodegeneration.
(Lee et al., 2000) . Another view is that Zn 2ϩ is released from intracellular stores (Aizenman et al., 2000) , and we Introduction propose here that this release occurs in neurons via an NO/ONOO Ϫ -mediated pathway. In vivo rodent models of stroke have implicated both
To decipher molecular details of potential crosstalk NO and Zn 2ϩ in neuronal cell death. For example, work between NO and Zn 2ϩ death pathways during cerebral by the Moskowitz group showed that inhibition or knockischemia and neurodegenerative insults, we used cerebout of neuronal NO synthase (nNOS), which limits the rocortical cultures. Here we show that NO/ONOO . This age after global cerebral ischemia (Koh et al., 1996) . step leads to activation of voltage-gated K ϩ channels While NO and Zn 2ϩ may contribute to cell death via a variety of intracellular cascades, heretofore no study via p38 mitogen-activated protein kinase (MAPK), conhas convincingly shown a connection between these sequent cell shrinkage, and subsequent apoptosis. Inpathways in neurons.
terestingly, these events can be triggered by pathophysiologically relevant stimulation of NMDARs and are largely caspase independent, thus representing a novel , 1996) . NMDA exposure resulted condensation, respectively. To illustrate the greatest in an increase in Newport green-positive cells that was changes in Newport green and TMRM fluorescence, we further enhanced by L-Arginine, a NOS substrate, but imaged 3-6 hr after NO exposure, while chromatin conabolished by L-Nitro-Arginine, a NOS inhibitor (Figure densation appeared predominantly at time points Ն12 1E). Additionally, under these conditions NMDA-induced hr. While in some neurons morphological features of cell death was enhanced by L-Arginine but significantly cell death began to appear sooner, e.g., at 6 hr, the reduced by L-Nitro-Arginine or the oxygen free radical predominant wave of neuronal death under these condiscavenger MnTBAP ( Figure 1E Figure 1F , left panels). This increase was abolished indicator, N-(6-methoxy-8-quinolyl)p-toluenesulfonamide when cultures were pretreated with MnTBAP ( Figure 1F , (TSQ), yielded similar results (data not shown), making right panels), further supporting the notion that a free it unlikely that another metal ion was being detected under these conditions. Additionally, chelation of extraradical pathway, as postulated above, participates in Figure 1G ). These data are in agreement centration-dependent manner ( Figure 2D -activated K ϩ current) was blocked ( Figure 6C ). Since NO/ONOO Ϫ activates both K ϩ current and p38 by tetraethylammonium (TEA), characteristic of I K ( Figure  5D ). TEA decreased both control and NO-enhanced K ϩ in neuronal cultures, it is possible that these events are linked. Thus, we tested whether a dominant-interfering currents by approximately 50% (n ϭ 6). To quantify these findings further, we measured K ϩ current densities 6 to form of p38 could inhibit NO/ONOO Ϫ activation of I K . Wild-type p38 (WT-p38) or a dominant-negative p38 7 hr after NO exposure versus control (n ϭ 8). The mean K ϩ current density significantly increased from 50 pA/ (DN-p38) was co-expressed with EGFP. In neurons transfected with (control) WT-p38, NO evoked an inpF to 88 pA/pF ( Figure 5E ). In fact, we detected a graded increase in I K with time after NO exposure ( Figure 5F ). crease in outward K ϩ current from 40 to 70 pA/pF, comparable to the increase observed in neurons transfected Thus, NO enhanced outward K ϩ current, and this finding with the EGFP expression vector alone ( Figure 6D ). In the apoptotic signal transduction cascade triggered by NO/ONOO Ϫ , then blocking any of these events should neurons expressing DN-p38, NO did not increase K ϩ rescue neurons from cell death. For this reason, prior to current density ( Figure 6E) . In addition to shrunken morphology and apoproduction, p38 activation, and enhanced activity of ptosis, neurons exposed to NO exhibited segmented beading of dendritic processes. Importantly, we found voltage-gated K ϩ channels constitute critical steps in that caspase inhibition was unable to prevent this denDiscussion dritic damage ( Figure 7A ). Hence, injury to neuronal processes appears to be caspase independent under these Intracellular pathways triggered by excessive NO and Zn 2ϩ are thought to contribute to neuronal injury and conditions. Segmental dendritic beading is thought to be mediated, at least in part, by ionic fluxes such as death during cerebral ischemia (stroke) and in several neurodegenerative disorders. These effects have been Na ϩ , Cl Ϫ , and Ca 2ϩ (Hasbani et al., 1998). While SB203580 is a relatively specific inhibitor of p38 studied in vivo in a number of animal models. Several mechanisms may contribute to neuronal death observed at low micromolar concentrations (Wilson et al., 1997) , no pharmacological agent is perfectly specific. Therefore, after exposure to each of these toxic agents. In the present study, we used a tissue culture model to elucithe viability experiments were repeated after transfection with EGFP/DN-p38 or WT-p38 control constructs, date a novel form of crosstalk between neuronal cell death pathways induced by NO and Zn
2ϩ
. We also examas described above. Forced expression of DN-p38 protected neurons from NO insult. Having obtained concorined the relationship of the signal transduction pathways to neuronal cell shrinkage. Our data provide evidence dant results with either pharmacological or molecular interference, our findings suggest that p38 activity is for a cell death pathway in which NO reacts with endogenous O 2 Ϫ to form ONOO Ϫ , which then mediates the liberimportant in this apoptotic pathway (Figures 7C and 7D ). , thus establishing the pathomediated neuronal apoptosis; indeed, this was found to be the case ( Figure 7E) . physiological significance of our findings. . ratio of emitted fluorescence intensity of PBFI was monitored at 500 nm after excitation at 340 and 380 nm. The image series was Mitochondrial Swelling Assay and EM Tomography converted into movies using MarcoMedia Director 8 software.
Mitochondria (1 mg/ml) in resuspension buffer were exposed to increasing concentrations of ZnCl 2 , CaCl 2 , or control solutions lackImmunoblotting for Phospho-p38 and Assaying p38 Activity ing these divalent ions. Mitochondrial swelling was monitored by Neuronal cultures were lysed in buffer (20 mM Tris-Cl, 150 mM an increase in light scattering at an absorbance of 520 nm using a NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 2.5 mM sodium spectrophotometer (Budd et al., 2000) . EM tomography of isolated pyrophosphate, 1 mM glycerol phosphate, 1 mM Na 3 VO 4 , with commitochondria was performed as previously described ( 
